ABSTRACT Coccidiosis in chickens is caused by infection of gut epithelial cells with protozoan parasites of the genus Eimeria. This disease causes losses to the poultry industry since infected birds fail to gain weight as rapidly as non-infected birds and efficiency of feed conversion is compromised. For the present study the effect of Eimeria on expression of components of amino acid and sugar uptake mechanisms was determined. Broiler chicks were infected with Eimeria maxima, which infects the jejunum; Eimeria acervulina, which infects the duodenum; or Eimeria tenella, which infects the ceca. Sections of the jejunum, duodenum, and ceca (depending on species of Eimeria) were taken at several time points between d zero and 14 post infection (PI) for mRNA expression analysis. Genes examined included one digestive enzyme, 7 peptide and amino acid transporters located on the brush border, 8 transporters located at the basolateral surface of the gut epithelium, and 5 sugar transporters. All 3 Eimeria species examined caused decrease in expression of brush border transporters particularly at d 5 to 7 PI, which corresponds to the time when pathology is greatest. The same pattern was seen in expression of sugar transporters. However, the expression of basolateral transporters differed among species. Eimeria tenella infection resulted in decreased expression of all basolateral transporters, while E. maxima infection caused increased expression of 2 genes and slight decrease in expression of the remaining 5 genes. Infection with E. acervulina resulted in increased expression at the height of infection of all but one basolateral transporter. In conclusion, Eimeria infection causes a general decrease in gene expression of sugar transporter and brush border AATs at the height of infection. However the expression of basolateral transporters is increased in E. maxima and E. acervulina infected birds. It is possible that decreased expression of brush border transporters in combination with increased expression of basolateral transporters leads to decrease of nutrients available for the parasite, thus limiting parasite reproduction.
INTRODUCTION
The costliest component of rearing broilers for production is feed, particularly protein. Therefore it is important that feed efficiency in these birds is maintained as close to optimal as possible. However, broiler production can routinely be affected by pathogens like parasites or bacteria that infect the gastrointestinal tract leading to losses in feed efficiency.
The most common parasites that infect broiler chickens are single-celled eukaryotic organisms belonging to the genus Eimeria, a member of the phylum Apicomplexa (Levine, 1988) . Three species, Eimeria acervulina, Eimeria maxima, and Eimeria tenella, are considered to be of particular importance (due to pathology as well as frequency of occurrence) in agricultural productions. All 3 species cause symptoms such as diarrhea, anorexia, and decreased weight gain. Clinical signs of coccidiosis also include malabsorption documented by a decrease in plasma carotenoid levels (Allen, 1987) and in E. tenella anemia and decreased hematocrit levels caused by bleeding into the cecal contents (Conway et al., 1993) . Each species infects a distinct portion of the gut (McDougald, 1998) . Eimeria acervulina infects the cells of the duodenum, E. maxima infects the mid-gut, proximal as well as distal to Meckel's diverticulum, and E. tenella infects 465 the ceca. The life cycle is initiated when a chick ingests sporulated oocysts from litter. In the upper portion of the gut the oocyst is opened releasing sporozoites that then infect cells of the intestinal epithelia. After the initial infection the parasite undergoes a series of asexual divisions resulting in formation of schizonts that can release hundreds of merozoites that then can infect more neighboring host cells. This asexual reproduction cycle can be repeated 2 or more times, causing pathology when parasites break out of enterocytes. Upon completion of asexual reproduction, the organisms are triggered in producing micro and macrogametocytes (it is at this point not known what triggers the switch from asexual to sexual stages), which are the stages that undergo sexual reproduction leading to production of oocysts, which are then shed in the feces. The oocysts undergo sporulation in the environment that takes a minimum of 24 h, resulting in sporulated oocysts that are fully infectious (Conway et al., 1993) .
The chick intestine is the primary location for nutrient absorption. In the brush border of intestinal enterocytes, proteins are broken down to di-or tri-peptides and AAs and are transported by enterocytes via amino acid transporters (AATs), while monosaccharides are transported into enterocytes via specific sugar transporters. Aminopeptidase N (APN) is an exopeptidase that cleaves AAs from the N terminus of peptides and resides on the brush border membrane (Sanderink et al., 1988) . The di-and tri-peptide transporter PepT1 moves peptides from the lumen of the small intestine into the enterocyte (Chen et al., 2002) . Other transporters that have different specificities for polarity and/or size are present in the brush border membrane of the enterocyte and function in transporting free AAs into the enterocyte. Excitatory amino acid transporter 3 (EAAT3) has affinity for anionic AAs aspartate and glutamate (Hundal and Taylor, 2009) . rBAT and b o,+ AT form a heterodimer and transport cationic and zwitterionic AAs into the enterocyte (Bröer, 2008) . Also located on the brush border membrane are ATB o,+ and B o AT, which transport neutral and cationic AAs, and neutral AAs, respectively (Bröer, 2008) . On the basolateral membrane of the enterocyte, a number of AATs are present that can either transport AAs from inside the enterocyte to the vascular supply or vice versa. CAT1 and CAT2 transporters are responsible for moving cationic AAs out of the enterocyte and into the vascular circulation (Devés and Boyd, 1998) . y + LAT1 and y + LAT2 are neutral and cationic amino acid transporters, while SNAT1 and SNAT2 transport neutral AAs across the basolateral membrane of the enterocyte (Broer, 2008) .
Because Eimeria disturbs the process of nutrient absorption, the present study addresses the impact of infection on the components of nutrient processing and uptake in the intestine of broilers focusing on amino acids and sugars.
MATERIALS AND METHODS

Bird Husbandry and Parasite Infection
Oocysts used in the studies were a laboratory strain of E. maxima (APU-1), E. acervulina (APU-1), and E. tenella (APU-1) maintained as previously described (Fetterer and Barfield, 2003) . Isolates of all 3 species have been maintained at BARC Beltsville, MD, for over a decade and are checked for purity via PCR following each propagation. Newly hatched male broiler chicks (Ross Heritage; Longenecker's Hatchery, Elizabethtown, PA) were placed into 1.0-m 2 wire pens (approximately 20 to 30 birds/pen). At 21 d of age birds were moved into battery cages (Petersime finisher units, Petersime, Gettysburg, OH), with 6 birds placed per cage. Birds were fed a standard poultry starter ration (crumbles, 24% protein) and given water ad libitum. At 21 d of age, all birds were weighed and were infected with either 3 × 10 3 E. maxima oocysts (36 birds -6 cages), 3 × 10 5 E. acervulina oocysts (30 birds -5 cages), or 1.5 × 10 5 E. tenella oocysts (36 birds -6 cages) per bird by oral gavage in a volume of 1.0 mL. Control birds were orally gavaged with 1.0 mL water. Birds were sacrificed by cervical dislocation after different times post infection (PI). At each time point, 6 control (one cage) and 6 (one cage) infected animals were sacrificed. At each time point, all birds were weighed. Eimeria maxima and E. tenella infected birds as well as un-infected controls were sacrificed at d zero, 3, 5, 7, 10, and 14 PI. E. acervulina infected birds and the uninfected controls were sacrificed at zero, 3, 5, 6, 7, and 10 d PI. When processing samples from E. acervulina d 6 PI samples an error occurred and these samples were not included in the molecular analysis. All experiments were carried out under protocols approved by the Beltsville Agricultural Research Center Animal Care and Use Committee.
Tissue Sampling
Following sacrifice the body cavity of each bird was opened and a blood sample (approximately 4 cc) was taken directly from the heart and placed in a tube containing EDTA. Blood was used to determine hematocrit as percent of packed cell volume by previously published methods (Conway et al., 1993) . Plasma was used to determine carotenoid levels using previously published techniques (Allen, 1987 ). The intestinal tract was then removed, and approximately 4 to 5 cm of the distal loop of the duodenum was taken from E. acervulina infected birds, 4 to 5 cm of the ileum were collected from E. maxima infected birds, and one ceca was collected from E. tenella infected birds. Each region was cut into smaller pieces (approximately 0.5 cm wide) and placed in a solution of RNAlater (Life Technologies, Carlsbad, CA). The tissues were incubated overnight at 4
• C and were then transferred to −70
• C until RNA extraction.
RNA and cDNA Preparation and qRT-PCR
Total RNA was extracted from 100 mg of tissues using the PureLink RNA mini kit (Life Technologies) using manufacturer's recommended protocol. Total RNA (10 μg) was digested using Turbo DNase (Life Technologies) for 30 min at 37
• C. Complementary (c)DNA was synthesized from one μg of total RNA using the iScript Advanced cDNA synthesis kit (Bio-Rad, Hercules, CA) using manufacturer's recommended protocol. To ensure that there was no possible DNA contamination, all samples also were analyzed by PCR without the reverse transcriptase enzyme mix. Each of the cDNA samples was diluted 1:10 prior to reverse transcription polymerase chain reaction (qRT-PCR), and one μl of the diluted cDNA was used per qRT-PCR reaction. All qRT-PCR reactions were performed using the SsoAdvanced SYBR green supermix (Bio-Rad). Each reaction consisted of one μl diluted cDNA, one μl forward primer (10 μM), one μl reverse primer (10 μM), 7 μl H 2 O, and 10 μl 2x SYBR green supermix. The following PCR conditions were used: 95
• C for 30 s and 35 cycles of 95
• C for 30 s, 56
• C for one min, and 72
• C for one min. All qRT-PCR were carried out using CFX96 Touch Thermo Cycler (Bio-Rad). The primers for transporter genes and aminopeptidase in this study have been previously published (Gilbert et al., 2007; Miska et al., 2015) . These genes include those associated with the brush border membrane aminopeptidase N (APN), Na + and Cl − dependent neutral and cationic amino acid transporter (ATB O+ ), Na + dependent neutral amino acid transporter (B 0 AT), Na+-independent cationic and zwitterionic amino acid transporter (b 0,+ AT), excitatory amino acid transporter 3 (EAAT3), heavy chain corresponding to the b 0,+ system (rBAT), di-and tri-peptide transporter (PepT1); those associated with the basolateral membrane: Na + independent cationic amino acid transporter 1 (CAT1), Na + independent cationic amino acid transporter 2 (CAT2), Na + independent cationic and Na + dependent neutral amino acid transporter 1 (y + LAT1), Na + independent cationic and Na + dependent neutral amino acid transporter 2 (y + LAT2), and Na + independent branched-chain and aromatic amino acid transporter (LAT1), SNAT1 and SNAT2, sodium dependent amino acid (System A) transporters (Miska et al., 2015) , as well as 4 sugar transporters: glucose, galactose, fructose, and mannose transporters located on the basolateral membrane (GLUT2), fructose transporter (GLUT5), glucose and galactose transporter located on the brush border memberan (SGLT1), and glucose transporter also located on the brush border membrane (SGLT5). Gene expression was measured using relative expression with β2-microglobulin serving as an endogenous control. Primers for β2-microglobulin amplification were reported in . Relative gene expression was calculated using the 2 −ΔΔCt (fold changes) method (Livak and Schmittgem, 2001 ). The average ΔCt of the 5 control samples was used to calculate ΔΔCt values.
Statistical analysis was performed with commercial statistical package (SigmaPlot, Systat Software Inc, San Jose, CA). Difference in weights, plasma carotenoids, and hematocrit of infected and uninfected chickens was determined by analysis of variance and comparison of means made with the Holm-Sidak test. The data for relative expression were expressed as log2 (fold change) equivalent to −ΔΔCt. The log2 transformation normalized the data and better presented the down-regulation of genes. The analysis of relative transporter expression compared the value at day zero for each gene with those from the other sampling points and was performed by ANOVA and comparisons of means made with the Holm-Sidak test. All values were presented as means ±SEM, and differences were considered significant at P < 0.05.
RESULTS
Effect of Eimeria Infection on Weight Gain, Carotenoid Levels, and Hematocrit
In E. acervulina and E. maxima infected birds, weight gain is affected most greatly at d 6 and 7 PI, respectively. By d 10 and 14 PI the weight gain of E. maxima infected birds is similar to non-infected controls ( Figure 1A ) but by d 10 of E. acervulina infection, a significant depression of weight gain remains (Figure 1B) . The plasma carotenoid levels of E. maxima infected were significantly decreased at d 6 and 7 PI ( Figure 1A ), while plasma carotenoids of E. acervulina infected birds remained significantly decreased from d 5 to 10 PI. The weight gain of E. tenella infected birds is not significantly decreased; however, the hematocrit is significantly decreased at d 7 PI ( Figure 1C ).
mRNA Expression of APN, PepT1, and Amino Acid Transporters Located on the Brush Border Membrane
The effects of Eimeria infection on the expression of brush border transporters are shown in Figure 2 . In general there is a decrease in expression particularly at 5 to 7 d PI. In the duodenum of E. acervulina infected chickens ( Figure 2A , and rBAT) from birds at d zero, which were mock infected versus infected with E. maxima, showed a decrease in expression. We cannot explain the reason for this phenomenon because birds were sacrificed less than an h following inoculation. Expression of brush border associated genes in E. tenella infected birds is shown in Figure 2C . PepT1 expression could not be measured in these birds since this gene is not expressed in the ceca, which is the target of E. tenella infection. Although the remaining 6 brush border associated genes are expressed in the ceca, the levels of expression are lower than those seen in the duodenum or ileum. The expression of 4 amino acid transporters (b o,+ AT, B o AT, EAAT3, and rBAT) is significantly decreased compared to d zero birds at d 7 PI. As seen in E. maxima infected birds the trend in gene expression is towards a lesser decrease at the later time points, with EAAT3 being the single transporter whose expression remains significantly decreased at d 14 PI. The expression of a single amino acid transporter, ATB o,+ , is not significantly affected at any time point is either E. maxima or E. tenella infected birds. 
mRNA Expression of APN, PepT1, and Amino Acid Transporters Located on the Basolateral Membrane
The expression of amino acid transporters in E. acervulina infected birds is shown in Figure 3A . With the exception of CAT2 and SNAT1, the expression of all other basolateral transporters increased significantly at d 5 PI. SNAT1 showed increased expression at both d 6 and 7 PI. With the exception of CAT1 and SNAT1, expression returned to levels similar to d zero birds by d 10 PI. Only one gene, CAT2, demonstrated a significant decrease in expression. In E. maxima infected birds, changes in gene expression were not very large ( Figure 3B ). Two genes, CAT1 and LAT1, showed a marked increase in gene expression at d 5 (CAT1) and d 5 and 7 (LAT1) PI. There was no significant change in expression of SNAT1, and y+LAT2 at any of the time points. As seen in expression of brush border transporters, the expression of some of the basolateral genes (ASCT1, CAT1, SNAT2, y+LAT1, and y+LAT1) from birds at d zero, which were sham infected versus infected with E. maxima, showed a decrease in expression. The expression of basolateral transporters in E. tenella infected birds ( Figure 3C ) shows a fairly uniform pattern of decreased expression especially in the later time points. Only ASCT1 did not exhibit significant changes in expression at any of the time points tested in E. tenella infected birds.
Expression of Sugar Transporters in Eimeria Infected Birds
The expression of sugar transporters in E. acervulina infected birds is shown in Figure 4A . The expression of GLUT2, GLUT5, and SGLT1 shows significant decrease at the height of infection while expression of SGLT5 does not change at any time point tested. A similar pattern of expression is seen in E. maxima infected birds ( Figure 4B) with the exception that SGLT1 shows an increase in expression at d 5 PI. Only 2 of the sugar transporters tested in this study, GLUT5 and SGLT1, were expressed in the ceca and their expression levels were low compared to those observed in the duodenum and ileum. In the ceca of E. tenella infected birds ( Figure 4C ) a decrease in expression was seen at d 7 PI of GLUT5, and by d 14 PI expression levels were similar to those of d zero birds. Expression of SGLT1 was significantly decreased by d 5 PI and remained decreased through d 14 PI. The decrease in expression of these 2 genes is 2 or more times less than observed in either E. acervulina or E. maxima infected birds.
DISCUSSION
This study represents the first description of the changes in mRNA expression in genes encoding enzymes associated with protein breakdown (APN), several sugar and amino acid transporters, as well as the di-and tri-peptide transport (PepT1) during the entire course of infection of broiler chicks with 3 Eimeria species. Studies have been carried out previously describing changes of expression of these genes during the height of infection (Paris and Wong, 2013; Fetterer et al., 2014; Su et al., 2014; Su et al., 2015) but the object of the current study was to determine how early during infection expression changes could be detected and how long these changes persist.
It is clear that infection with either E. acervulina or E. maxima,caused significant depression in weight gain. Eimeria tenella infection did not produce significant weight loss, but infection with this parasite characteristically does not produce large weight changes in broilers (Su et al., 2015) . Eimeria tenella infection does result in decreased hematocrit levels (due to production of bloody stools) and this decrease was observed in this study ( Figure 1C) . Eimeria acervulina and maxima infections are characterized by large decreases in weight gain (over 50% decreases in both E. acervulina and E. maxima infected birds were seen at the height of infection) but also in decreased plasma carotenoid levels. Decreased plasma carotenoids are characteristic of intestinal infection with Eimeria and are thought to be associated with intestinal malabsorption (Allen, 1987) . Depression in weight gain and decrease of plasma carotenoid levels indicate that the experimental infections used in the current study resulted in significant pathology.
For this study only regions of the intestine that are most affected by each species of parasite was analyzed (e.g., duodenum in E. acervulina infected birds, ileum proximal to Meckel's diverticulum in E. maxima infected birds, and ceca for E. tenella infected birds). At d 3 PI, Eimeria is undergoing schizogeny, characterized by several rounds of asexual reproduction. At this point in the infection, birds are not displaying clinical signs of coccidiosis, and the disruption of the integrity of the gut is not significant. By d 5 PI, the sexual forms (micro and macrogametocytes) are being formed and by d 6 to 7 PI, oocysts are being shed in feces, and clinical symptoms (diarrhea, anorexia, decreased weight gain) are at their peak. By d 10 and 14 PI, the infection is resolving and clinical symptoms are much reduced or absent. The weight gain increases and in the case of E. maxima infected birds, the infected birds are gaining an equal amount as uninfected controls. Because the lifecycle of E. acervulina is somewhat shorter than that of E. maxima (Conway et al., 1993) , the time of collection of tissues in the current study was adjusted accordingly. The expression of aminopeptidase (APN), diand tri-peptide transporter PepT1, and 5 other amino acid transporters that are associated with the brush border of gut epithelial cells was determined in chickens infected with either E. acervulina, E. maxima, or E. tenella. It has previously been determined that Eimeria infection results in general depression of gene expression at d 6 or 7 PI Su et al., 2014; Su et al., 2015) . Present data indicates that depression in gene expression can be detected as early as d 3 PI in E. acervulina infected birds, and d 5 PI in E. tenella infected birds. The peak in decreased expression of E. maxima infected birds is seen at d 7 PI. Interestingly, the expression of brush border associated genes in E. maxima and E. tenella infected birds becomes similar to those of non-infected controls but levels of expression in E. acervulina infected birds are still significantly depressed compared to uninfected controls. This pattern appears to correlate with slower improvement in weight gain as well as plasma caroteinoid levels in E. acervulina infected birds.
The pattern of mRNA expression of transporters located on the brush border membrane of the gut epithelium was the most diverse among the 3 species of Eimeria. Surprisingly, the expression of most of the transporters showed a significant increase in mRNA abundance around d 5 PI. Previously it was noted that the cationic transporter CAT1 showed a significant increase in expression at d 6 and 7 PI; however, other genes such as LAT1, y+LAT1, and y+LAT2 did not differ significantly in expression at d 7 PI from controls (Su et al., 2014; Su et al., 2015) . By d 10 PI the expression of all but CAT1 and SNAT1 returned to levels similar to those of uninfected controls. If mRNA levels correspond to protein levels of the basolateral transporters, it is possible that there is an increase in export of amino acids out of the gut epithelial cells at d 5 PI. At this point in the E. acervulina life cycle the parasite is undergoing the switch from asexual to sexual reproduction and formation of male and female gametes is under way. The expression of basolateral transporters in E. maxima infected birds did not show dramatic change; however, the increase in expression of both CAT1 as well as LAT1 is in congruence with previous observations (Su et al., 2015) at d 7 PI. By d 14 PI the expression levels were not significantly different from values obtained in uninfected birds. A significant decrease in expression of basolateral amino acid transporters occurred in E. tenella infected birds beginning at d 5 PI and persisting to d 14 PI.
The expression of monosaccharide transporters was fairly uniform in the 4 genes tested in this study. GLUT2 is present on the basolateral membrane of the gut epithelia and plays transorts mannose, glucose, galactose, as well as fructose out of the cell. The other 3 transporters (GLUT5, SGLT5, and SGLT1) are present on the brush border membrane and transport fructose (GLUT5 and SGLT5) and glucose (SGLT1) out of the gut epithelial cell (Fuzukawa et al., 2013; Su et al., 2015) , although SGLT5 has previously been shown to be expressed in renal brush border epithelia in mammalian systems (Fuzukawa et al., 2013) . Eimeria tenella infection in the ceca resulted in smallest changes in gene expression; however, only 2 of the transporters were detectable in the ceca and their expression was rather low, possibly indicating that the cecum does not play an important function in sugar transport. The expression of GLUT2, GLUT5, as well as SGLT1 was downregulated in the target tissues of both E. acervulina and E. maxima infected birds at the height of the infection as reported previously (Su et al., 2015) and by d 10 to 14 PI, expression levels returned to those of uninfected controls. Based on these findings it is possible that Eimeria infection causes the decrease in the influx as well as the efflux of sugars into and out of the gut epithelial cell.
In summary, it is likely that Eimeria infection significantly decreases the amounts of amino acids and sugars that enter the gut epithelial cells at the brush border membrane, and this effect can be prolonged past the height of the infection, especially in E. acervulina and E. tenella infected birds. At the basolateral membrane of the gut epithelium, gene expression changes become more specific to species of Eimeria used. An increase of expression in E. acervulina infected prior to the height of infection at the basolateral membrane could lead to greater efflux of amino acids out of the cell gut epithelia cell, leading to further nutrient deprivation inside the cell and less nutrients being available for the host as well as the parasite infecting it. In E. maxima infected birds, changes at the basolateral membrane are not dramatic, and, therefore, changes in amino acid transport may not be noted; however, decreased expression of basolateral amino acid transporters in E. tenella infected birds, which tends to persist past the height of infection, could lead to decreased efflux of amino acids out of the gut epithelial cells. At this point it is not known whether the ceca contribute to transport of amino acids to other organs via circulation, but it is clear that amino acid transporters are present in this region of the gut, albeit at lower levels than seen in the small intestine. It may of interest to determine whether decrease in influx or increase in efflux of amino acids in and out of the gut epithelia plays a role in limiting Eimeria infection, or providing a signal for a switch from continued asexual reproduction to sexual reproduction leading to clearing of infection.
